Oral cancer is the sixth most common cancer worldwide, with approximately 275,000 new cases each year. In some countries, mortality rates reach as high as 70 %.
Background and Significance
In the USA, there are approximately 40,250 new diagnoses of oral cancer annually. Of these, approximately 8000 patients will succumb to the disease each year [2] . Oral cancer is the sixth most common cancer in the world, with approximately 275,000 new cases annually [3] . In countries such as India and Brazil, mortality rates can reach as high as 70 % [4] per year. Typically, the incidence of oral cancer is related to behavioral and lifestyle factors, which can be potentially minimized with changes to activities of daily living. Specifically, tobacco and alcohol usage have been linked with increased incidence of oral cancer. In countries such as India, consumption of pan (tobacco mixed with betel leaves and lime) is thought to be a major cause for the abnormally high rates of oral cancer [4] . Furthermore, incidence rates indicate a higher rate of oral cancer in males. Current theories are that elevated oral cancer rates are caused by increased consumption of alcohol and tobacco by males.
In the majority of new diagnoses, patients are over the age of 50 and have prolonged exposure to risk factors. However, infection of the human papillomavirus (HPV) has been shown to cause oral cancer, which tends to afflict a younger population [4, 5, 6, 7, 8] . HPV-positive oropharyngeal cancers tend to have a higher survivability rate than HPV-negative cancers. However, the rates of HPV-positive cancers are rapidly increasing, while HPV-negative oropharyngeal cancers are decreasing with the decrease in smoking in the USA. In the USA, a similar observation can be made, with the rate of HPV-positive oropharyngeal cancers increasing at a rate of 225 % from 1988 to 2004. Current projections predict HPVpositive oropharyngeal cancers surpassing the number of HPV-positive cervical cancers by 2020 [9] . Similarly, in Sweden, oral cancer caused by HPV has dramatically increased from 23 % in the 1970s to 97 % in 2007. In recent years, the development of HPV vaccinations has caused health care professionals to recommend the vaccinations of both genders, in order to attempt to stem the tide of future cancer diagnoses [9] .
Clinical Relevance Current Clinical Approaches

Clinical Treatments
Currently, treatment methodologies for patients that suffer from oral cancer are confined to surgical resection/reconstruction, radiation therapy, and/or chemotherapy. These methods result in varying functional outcomes. Typically, higher-stage tumors cause a more significant decline in functional outcome. Resection of the tumor leaves a defect that can negatively impact the quality of life for the patients. Inability to swallow, difficulty breathing, and inability to speak intelligibly negatively affect the quality of life [10] . Ideally, the defect can be closed primarily and, if successful, patients have a significant improvement in quality of life [11] . However, radiotherapy and chemotherapy tend to impact the quality of life. Radiotherapy and chemotherapy tend to decrease speech and swallowing over the first 6 months of treatment. Some of these impacts can be improved by the 1-year postoperative time point. However, the quality of life is impacted through the entire recovery time [12] .
Prior to therapy, a dental evaluation is performed to ensure that the teeth of the patient are healthy enough to undergo radiation therapy. Because radiation can impair healthy vascularization, dental infections are unable to heal following radiation therapy. Nonviable teeth must be removed and all dental prophylactic procedures must be performed prior to therapy [13] . Radiation therapy, in a dose-dependent manner, can significantly influence the surrounding tissue. Specifically, mucus membranes can become inflamed and cause the influx of inflammatory cytokines, which can dramatically alter the microenvironment. Radiation treatment also causes deoxyribonucleic acid (DNA) damage and causes the formation of reactive oxygen metabolites. Both of these factors result in hypoplasia [1] . Furthermore, higher doses of radiation can cause significant damage to the remaining healthy bone by killing the endothelial cells of the vasculature and damaging the endosteum and periosteum [13, 14] . Therefore, the same factors that limit tumor formation limit regeneration of healthy tissue. Furthermore, endothelial cells play a significant role in the angiogenesis of damaged tissue; the decrease in endothelial cells limits integration of transplanted tissues [15] . In order to minimize the risk to surrounding tissue, intensity-modulated radiotherapy (IMRT) has been implemented. IMRT radiation dose is varied based on the density of the cancerous region. Through computer modeling and beam modifiers, dosages can be targeted to specific regions, minimizing the dosage to surrounding sensitive tissues [16] . Specifically, the implementation of IMRT has helped to reduce the risk of osteonecrosis and spare the salivary glands of patients [17, 18] . If significant progression of the tumor is detected, chemotherapy may be performed in conjunction with radiotherapy. While initially thought to be tissue and organ-sparing, radiotherapy may be correlated to chronic fibrosis, edema, and some organ dysfunction. Similarly, chemotherapy has shown systemic organ damage, specifically nervous tissue, and organ fibrosis [19] .
Maxillary defects are usually reconstructed surgically with a free tissue transfer or with a prosthetic with an obturator. Both surgical and prosthetic rehabilitation have limitations. With surgical resection of the cancerous mass, the vascularity in the site may be compromised. Postoperative radiation therapy also reduces the vascularity, potentially leading to infection and improper healing of tissue surrounding dental implants [20, 21] . In addition to those risks, patients experience difficulty breathing, swallowing, eating, and speaking. This loss of function can lead to depression among patients [10] . Furthermore, patients will suffer from destruction or removal of glandular structures during surgery or destruction during radiotherapy, which will impair salivary gland function and therefore reduce the ability of patients to eat properly [1, 13] . Finally, maxillectomies can result in facial disfiguration, which often leads to decreases in patient morale and mental state. Due to these limitations, closure of the defect site is of primary concern as a means to improve patient function and quality of life [22] .
Overall, obturators do an adequate job of closing the defect site in oral cancer patients, but there are significant limitations that must be addressed to provide patients with the highest quality of function. Specifically, obturator fabrication and maintenance are very labor and time intensive, and obturators are incapable of replacing native biologic qualities. Due to radiation side effects, patients with obturators experience hypo-salivary production for the remainder of their lives, which adversely affects swallowing [1, 10, 23, 24] . Furthermore, the patients must properly care for their obturators by removing and cleaning them regularly and maintaining a regular check-up schedule with the prosthodontist.
For a large number of patients, autologous free flap transfers significantly improve maxillary defects. When properly performed, the defect site is sealed with autologous tissue to prevent transfer of food and fluids from the oral to the nasal cavities [25] . However, this procedure can have significant complications. Additional tissue can add too much bulk and prevent dental implant placement. Furthermore, the excess tissue can cause breathing and communication difficulties (Fig. 1 ) [26] . Additionally, diet for patients may be permanently altered toward a softer diet [25, 27] . Free flap transfers require a second surgical site that provides an increased risk of morbidity and mortality, such as lameness and infection [25] . Autologous grafts provide advantages over synthetic prostheses in that the necessity for longterm patience compliance is lowered. However, the autologous grafts require multiple surgical procedures and have the potential for significant complications as well as variable functional results. Furthermore, grafts do not allow direct visualization of the tumor site for postoperative cancer recurrence evaluations as compared with synthetic obturators, which can be removed to assess the defect site.
Function and Patient Quality of Life following Cancer Treatment
Patients suffer from significant issues that can lead to additional psychological issues such as depression and anxiety [10, 28] . The loss of bodily functions of speaking, swallowing, and chewing strongly correlates to patient depression and anxiety following reconstruction. These patients experience loss of function, which limits both recreational and occupational activities. The majority of patients experience moderate to severe pain on a daily basis, which can limit function. Difficulties with chewing, swallowing, and speaking are strongly correlated to rates of strong depression and feelings of hopelessness, which have significant negative impact on a patient's mental and physical health [29] . With improvement in reconstruction, psychological issues have declined to approximately 25 % of patients who undergo these procedures [29] . For patients that undergo maxillary reconstruction, the treatment method has a significant impact on the quality of life for the patient. For patients who have obturators, mastication, speech intelligibility, and comfort in speaking to others are significantly decreased [30] . Free flap transfers have slightly improved functional outcomes when compared with functional outcomes of obturators, but functional outcomes of free flaps are much less effective as compared with outcomes of control patients who have not undergone treatment for oral cancer [30] . Future work must address restoration of function, as it is critical for both the physical and mental health of the patient.
Regenerative Engineering Approaches
Bone regenerative engineering approaches have been applied to maxillofacial reconstruction. Traditionally, tissue engineering uses a three-part implant consisting of a cellular source, scaffold material, and exogenous growth factors. When compared with other tissue engineering applications, maxillary tissue engineering has unique situations that warrant considerations in all three parts. In addition to mechanical requirements of maxillary tissue, there are significant physiological components of the maxilla that need recreation by a tissue engineering solution. These functionalities include glands, vasculature to the teeth, and attachment for musculature. Because of the location of the maxilla, a tissue-engineered construct would be directly exposed to the oral and nasal cavities, allowing visualization of the site, but increasing exposure to viral and bacterial factors. The compromised vascularity to the site must be considered when planning a regeneration strategy; additionally, the effects of localized cancer treatment must be factored into reconstructive techniques. A variety of progenitor cell types have been investigated, including adipose stem cells (Fig. 2) , bone marrow-derived mesenchymal stem cells (BMSCs), and, in limited use, periostealderived progenitor cells (PDPCs). 
Cellular Sources
Bone Marrow-Derived Mesenchymal Stem Cells Bone marrow is a complex tissue that consists of a large variety of cellular components as well as a supporting matrix, termed stroma. Hematopoiesis, formation of blood components from stem cells, is considered the main function. However, bone marrow also contains stromal cells which include mesenchymal stem cells that are capable of differentiating into tissues such as bone, adipose, and cartilage [31, 32] .
Cells designated for use in regenerative engineering are isolated via aspirate, typically from the iliac crest, and expanded in vitro. In order to correctly obtain cells with multi-lineage potential, cells must be grown in culture to produce colonyforming units and, subsequently, passaged [33, 34, 35] . More recently, with the use of fluorescence-activated cell sorting (FACS), mesenchymal stem cells can be separated from other cell types via identification of surface markers. Jones and coworkers demonstrated this concept by fluorescently labeling markers such as cluster of differentiation (CD) 45, which is a leukocyte marker found on mesenchymal stem cells [36] . Once expanded, differentiation can occur through a variety of methodologies, including chemical signals, growth factors, and mechanical conditions. Furthermore, Zhou and coworkers demonstrated that BMSCs migrate preferentially to defect sites. This migration was detected using green fluorescent protein (GFP)-expressing bone marrow mesenchymal stem cells [37] . The cells were isolated and characterized using immunohistochemistry to evaluate expression of CD14, CD34, CD45, CD90, CD105, and CD106, which are commonly expressed by mesenchymal stem cells [37, 38] .
Bone Marrow Mesenchymal Stem Cells Used in Tissue
Engineering Due to the proliferative potential of mesenchymal stem cells, BMSCs have been evaluated for use in tissue regeneration of the maxilla following oral cancer treatment. Many research groups focus on the use of BMSCs for maxillary reconstruction in an attempt to mimic or expedite the regeneration process. Many of the same inflammatory mediators that are secreted by wounds are found in the tumor microenvironment and are purported to be involved in attracting MSCs to these sites [39, 40, 41, 42] .
Similarly, BMSCs have shown in vitro and in vivo success in forming bone tissue [43] . In one study, BMSCs were collected from maxillofacial tissue during maxillofacial treatment. The cells were cultured and characterized using FACS for cell marker expression. BMSCs were differentiated in vitro and analyzed for alkaline phosphatase, Oil-Red-O, and Alcian blue for osteogenic, adipogenic, and chondrogenic potential, respectively, using histological techniques. Additionally, cells were genetically engineered with bone morphogenetic protein-2 (BMP-2), which can induce bone formation. Following gene delivery, these cells were injected into the thighs of mice for a period of 3 weeks for ectopic growth. Finally, these cells were implanted into mandibular defects; the defects showed signs of bone regeneration after a period of 8 weeks. While this study demonstrated 84 %, by size, bone regeneration of a defect within the mandible, the study required genetic modification of the cells to produce endogenous BMP-2; additionally, the treatment required significant in vitro procedures, which lengthens the recovery time for patients undergoing the treatment [43] . However, this study demonstrated the potential impact of BMPs on defect regeneration in the maxillofacial region. Furthermore, BMSCs obtained from the maxillofacial region demonstrated potential for bone tissue regeneration, which in turn shows the potential for minimizing simultaneous surgical procedures at multiple sites.
In an attempt to recreate flat bone of the skull, Lucaciu and coworkers isolated BMSCs from mice femurs and combined them in vitro with deciduous red deer antler to attempt to stimulate bone formation [44] . Deer antler was chosen as a scaffold due to high levels of polypeptides such as insulin-like growth factor-1 (IGF-1), IGF-2, BMP-2, and BMP-4. The group theorized that growth of in vitro bone would provide clinicians a viable alternative to traditional graft materials. After harvesting BMSCs, the cells were cultured and expanded. The cells were then seeded onto the deer antler scaffolds and the composites were then exposed to basal osteogenic medium with supplements of β-glycerophosphate, ascorbic acid, and insulin. Additionally, separate samples were exposed to complex osteogenic medium, which included the additives Fig. 2 a Preoperative defect site. b Twenty-eight-month follow-up following reconstruction reveals ectopic bone formed from adipose-derived stem cells. Reprinted from [96] , with permission from Elsevier and the presence of growth factors such as BMP-2 and transforming growth factor-β (TGF-β). In order to produce bone tissue, the composites incubated for a period of 30 days. The engineered tissue was then implanted into defects within the parietal bone of the mouse skull. In the mouse model, the construct successfully repaired the defect. Improved bone regeneration was shown in composites cultured in complex differentiation medium. Throughout the composite construction, the researchers used in vitro techniques to engineer an artificial bone for reconstruction of a defect. However, the process was laborious, time consuming, and therefore not readily translated to a clinical environment. Secondly, this treatment methodology required the engineered tissue to vascularize from the surrounding tissue. In patients with compromised vasculature, success rates could be potentially limited due to lack of oxygen and nutrient transport [45] .
Researchers performed significant in vitro analysis of human BMSC interactions with various biomaterials. After selecting calcium phosphate cement (CPC) as a scaffolding material due to moldability, Weir and coworkers combined CPC, chitosan, and BMSCs to form a bone graft substitute [46] . While the primary purpose of this study was to investigate the mechanical properties of the composite, the BMSC differentiation toward an osteogenic pathway was evaluated. Primarily, the osteogenic potential of the BMSCs was investigated by quantifying alkaline phosphatase (ALP), an enzyme that marks osteogenic differentiation, and scaffold mineralization, which was detected by histological staining. By combining BMSCs with a CPC-chitosan composite, an in situ setting moldable scaffold with improved mechanical properties was created [46] . In this study, the group demonstrated the potential for use of primary cells that were harvested and placed onto three-dimensional scaffolds. However, this study was limited to in vitro experiments that do not demonstrate in vivo environmental conditions. For example, cell viability will be significantly altered when placed in a defect site with compromised vascularity.
Similarly, chitosan and biphasic calcium phosphate composites were evaluated for the in vivo regeneration of a 10-mm transcortical mandibular defect [47] . While not a maxillary defect, correction of such a defect provides information that shares some similarities. In this study, porcine BMSCs were harvested from the femurs of pigs. Cells were expanded for a period of 2 weeks in osteogenic medium containing L-ascorbic acid 2-phosphate, β-glycerophosphate, and dexamethasone. BMSCs were combined with porous chitosan/biphasic calcium phosphate scaffolds with and without the presence of gelatin microspheres containing recombinant human basic human fibroblast growth factor (bFGF). The composites were then implanted into mandibular defects of the pigs from which the cells were retrieved. Throughout the study, the defects without bFGF did not completely regenerate. Therefore, incorporation of growth factors should be considered in reconstruction in the maxillofacial region. Of importance, calluses formed on the lateral side of the defect where periosteum was located, indicating the role of periosteum in fracture healing.
Mesenchymal stem cells have often also been used in sinus augmentation procedures. In order to maximize bone for dental implant placement, sinus augmentation is required to provide bone tissue for fixation. Typically, augmentation is performed through autologous grafts, but BMSCs have also been evaluated. In Iran, researchers successfully augmented significant bone mass for approximately 93 % of 30 implants placed into several patients. In order to produce this amount of tissue, they combined hydroxyapatite and tricalcium phosphate with autologous BMSCs obtained from bone marrow aspirates. The cells were expanded in vitro and combined with the scaffold composite. The mucoperiosteal layer was pulled back and the composite with BMSCs was implanted into the defect site. Following implantation, a collagen membrane was placed between the mucoperiosteal layer and the composite to minimize soft tissue infiltration. The mucoperiosteal layer was then sutured back in place and the patient was allowed to heal for a period of 3 months. Following the conclusion of the study, patients had significant new bone growth, which allowed implants to be placed in the majority of the patients [48] . While this paper describes significant improvement in the alveolar bone thickness of the patient, acellular controls were not tested. Furthermore, the mucoperiosteal layer could potentially influence the outcome of the reconstruction.
Another study aimed to compare de novo bone formation from BMSCs with that realized by the Bgold standard^of autologous cancellous bone. Sinus augmentation was performed on adult sheep. A comparison was made between autologous cancellous bone and BMSCs combined with bovine bone mineral. In this study, both groups facilitated similar bone growth. However, the control cancellous bone underwent a higher degree of resorption, thereby decreasing the volume of bone [49] . Furthermore, the amount of bone formation in scaffolds containing BMSCs was not related to the number of cells seeded. Therefore, evaluation of BMSCs must be performed and tailored to the individual patient.
BMSCs may be harvested from patients and concentrated, using two different methods involving synthetic polysaccharide and bone marrow aspirate concentrate methods. Cells were combined with bovine bone mineral to complete a sinus augmentation procedure on 18 adult human patients. As with the last study, a resorbable collagen matrix was used to protect the graft material from soft tissue infiltration. During the procedure, surgeons protected the mucoperiosteal flap and allowed the site to regenerate for a period of 3 months. Both concentration methods produced similar bone growth at the conclusion of the study [50] . For the purpose of the study, significant lamellar bone was created to allow dental implants. Overall, this study demonstrates the capability of BMSCs to help regenerate hard tissue. In this case, the surgery proved successful but required significant in vitro cell culture. Furthermore, the study did not evaluate bone regeneration in a complete defect model or an environment that was lacking adequate blood supply.
Using a rabbit model, researchers investigated the use of BMSCs combined with a porous ceramic scaffold to perform sinus augmentation procedures. Additionally, BMSCs were transduced with BMP-2 to evaluate the role of BMP-2 in sinus floor elevation in a rabbit model as compared with a negative control transduced with green fluorescent protein. Cells were harvested, then transduced using an adenovirus and expanded in vitro before being implanted on a porous ceramic scaffold. The composite was then implanted into the maxillary sinus of the rabbit for a period of 4 weeks. In this study, BMP-2 increased the amount of new bone area but did not significantly influence the bone height following sinus augmentation [51] . There are significant concerns regarding the use of genetic engineering when applied to in vivo treatments. In this study, however, the addition of genetic material did not appear to be necessary. Because the defect site was exposed, a possible solution was to apply an exogenous growth factor. However, this experimental model demonstrates the feasibility of improving bone regeneration through incorporation of growth factors.
Overall, BMSCs demonstrate an ability to differentiate into an osteogenic lineage and contribute to bone regeneration. While the use has been typically limited to a healthy patient model, the research illustrates the potential to be adapted to patients who have undergone treatment for oral cancer. In several cases, bone regeneration has been improved through the incorporation of growth factors such as bFGF and BMP-2, which could potentially be tailored for use in defect reconstruction [47, 51] . Another potential application of BMSCs is their co-culture with endothelial cells, which has been shown to enhance the osteogenic differentiation of the BMSCs while simultaneously forming a three-dimensional prevascular network [52] . Furthermore, the care taken to protect the periosteum during a variety of procedures indicates the importance of such a tissue, which warrants further investigation [47, 50, 51] .
Periosteal-Derived Progenitor Cells Periosteum encases nearly every bone and contributes to normal physiology and regeneration (Fig. 3) . The periosteum is divided into two layers, the outer layer and the cambium layer. The outer layer is mainly fibrous tissue, but also contains vasculature and a neural network that provides blood supply to the bone [53] . Due to this high level of vascularity, periosteum contains a significant number of endothelial cells and pericytes [54] . The cambium, or inner layer, contains PDPCs, fibroblasts, osteoblasts, and a microvascular network, which significantly impact bone homeostasis [55, 56] . The PDPCs have been shown to be able to differentiate into osteogenic, adipogenic, chondrogenic, and myogenic lineages [38, 57, 58] .
Specifically, periosteum is responsible for bone healing following fracture. Callus formation is typically caused through the differentiation of PDPCs and production of a soft cartilage matrix, which is later remodeled. The disruption of the vasculature in the periosteum causes excess blood at the site. Periosteal wound healing follows the inflammation caused by blood loss. Similarly, vascular endothelial growth factor (VEGF) has been shown to stimulate angiogenesis for bone growth as well as signal osteoblast differentiation of progenitor cells [59, 60] . Interactions between osteoprogenitor cells and endothelial cells are shown to simultaneously improve bone osteogenesis and vascular network formation [52, 61] .
In addition to responding to specific growth factors, PDPCs have been shown to endogenously produce growth factors that can enhance functionality in a tissue-engineered construct. Specifically, BMP-2 has been shown to play a significant role in bone development in both ectopic and orthotopic bone growth [62, 63] . PDPCs produce endogenous BMP-2, which serves in both paracrine and autocrine functionality [64, 65, 66] . PDPCs undergo chemotaxis toward cytokines such as thymus-expressed cytokine. This chemotactic ability provides the potential of implanting PDPCs near the defect and allowing migration to the defect site [67] .
Periosteum thickness and functionalities vary with the following conditions: patient age and gender, the bone location and type [53, 54, 68] . The cambium layer of the periosteum is thickest during fetal development and begins to thin with age. The decrease in periosteal thickness is theorized to be a cause of increased osteoporosis [55] . In the case of elderly patients, the periosteum may be indistinguishable from the bone tissue [53] .
Functionality of periosteum appears dependent on the type of bone from which the periosteum is harvested [69] . In a comparison of ectopic bone formation, tibial and calvarial periosteum were formed into a roll and implanted into the muscle of an adult rat. After 28 days, the tibial periosteum formed bone tissue through both endochondral and membranous ossification. However, the calvarial periosteum only formed bone through membranous ossification, which corresponds with fetal bone development [68] . Therefore, careful consideration of periosteal type should be made before using PDPCs in bone tissue engineering to ensure that bone type will be consistent with native tissue.
Expedited bone growth is essential for successful clinical reconstruction. Periosteal cells have demonstrated the capability to produce bone tissue quicker than BMSCs [70] . Furthermore, in vitro comparison of bone marrow-derived stem cells to periosteal-derived progenitor cells shows that PDPCs have higher osteogeni c capabilit y [ 71] . Histomorphometric analysis revealed periosteal cells facilitated significantly more bone formation than BMSCs and alveolar bone cells, with new bone formation percentages of 58.2 % (when derived with periosteal cells), 26.9 % (when derived with BMSCs), and 41.1 % (when derived with alveolar bone cells), respectively [72] .
Periosteum Used as an Explant Traditionally, explants of periosteum have been used to promote osteogenesis. One of the most common uses of explanted periosteum is to correct periodontitis, which is a progressive degradation of the periodontal tissue, including alveolar bone. Research groups have recommended increased usage of periosteum to address issues with tissue degradation caused by diseases such as gingivitis [73] . In one study, by harvesting autologous periosteum and transplanting to the site of gingival recession defects, the periosteum showed excellent osteogenic potential and remodeled the defect site [74] .
In a similar method to correct defects from periodontitis, a small explant of mandibular periosteum was biopsied from human patients to obtain a sample approximately 5 × 5 mm 2 .
The explant was then cultured in cell culture medium for approximately 30 days before being implanted and sewn into the defect site. For two of the patients, in this particular study, the defect site was too large for the periosteal graft. This issue was addressed by filling the defect site with platelet rich plasma (PRP). Following implantation, all patients had increases in alveolar bone at 4 months post-surgery [75] . In this study, the surgical procedure resulted in increased bone regeneration through periosteal explant transplantation, which facilitated improved mastication. However, the study required significant in vitro labor, which dramatically increased the expense of the procedure. Also, the role of the platelet rich plasma was not investigated. PRP has significant levels of autologous growth factors such as PDGF, TGF-β, and IGF-1, which have been shown to increase mitogenic activity of cells [59, 76, 77, 78] . Fig. 3 Description of periosteum by zone and cellular functionality [73] . Reprinted with permission from the International Journal of Dentistry In addition to addressing periodontal issues, periosteal explants have been used in ectopic bone growth for transplantation to a critical size defect. In mature domestic sheep, periosteal strips were taken from the rib. The periosteal strips were placed on the top of chambers containing a bone graft, silk fibroin and chitosan scaffolds, or a blank control. Vascularity was assessed with a radiopaque dye. The animals were euthanized at days 7, 14, 21, 41, 63, and 84 to evaluate the bone regeneration within the bone graft chamber. While analyzing samples using micro-CT for bone formation, the overall experiment demonstrates that periosteum is capable of forming ectopic bone growth in vivo. However, this procedure requires a total of four separate surgeries, which increase the odds of surgery related morbidity and mortality [79] . Furthermore, ectopic bone growth procedures would suffer from the same complications as free flap transfers; e.g., the amount of tissue might become too much for dental implantation. Additionally, these grafts lack epithelial layers that are required to recreate the soft tissue damage caused by the tumor resection.
Periosteal-Derived Progenitor Cells Used in TissueEngineered Constructs Despite the limited success of periosteum explants, the isolation of PDPCs has had some in vitro success. Following isolation of periosteal cells, flow cytometry can be performed to assess the presence of cell receptors commonly associated with PDPCs. For PDPCs obtained from human mandible, these receptors include CD9, CD105, and CD166, which are expressed through passage 15 [38, 80] . Following isolation and passaging, differentiation medium can be used to differentiate PDPCs into adipogenic, osteogenic, and chondrogenic lineages. Assessment of protein expression is a common technique for evaluating differentiation. Specifically, osteocalcin and ALP expression are commonly evaluated to provide an assessment of osteogenic differentiation.
While investigating osteogenic and adipogenic potential of PDPCs harvested from human mastoid, Ringe and coworkers performed a detailed analysis of PDPCs and their osteogenic differentiation. Proliferation of the cells obtained from three separate donors was quantified. Variation in PDPCs proliferation with donor was observed. The proliferative capacity of the PDPCs suggests that there is potential for use of these cells in regenerative medicine applications. Following differentiation using various differentiation media, real-time polymerase chain reaction (RT-PCR) was used to investigate the expression of the following proteins: collagen type 1 alpha-1 (1A1), osteocalcin, adipocyte protein 2 (aP2), and clathrin-associated adaptor-protein-1 (APM1). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was selected as the housekeeping gene. Following osteogenic differentiation, the cells demonstrated higher levels of osteocalcin, and APM1 [81] . Furthermore, von Kossa staining was performed on osteogenic media treated cells and demonstrated significant mineralization [81, 82] . These in vitro experiments and others suggest that the potential for PDPCs in maxillary reconstruction is significant. Considerations must be made for periosteum harvest location as well as prolonged in vitro expansion, which may increase morbidity and expense, respectively.
In order to evaluate the functionality of differentiated PDPCs on a scaffold material, researchers have attempted to combine the cells with a variety of scaffold materials in hopes of finding a suitable material to repair critical size defects. In 1999, Redlich and coworkers added PDPCs, obtained from rabbit tibial periosteum, to polyglycolide-co-polylactide (PGL) fleece. The fleece scaffolds were cultured in osteogenic medium for several weeks. Cellular viability was assessed and immunohistochemistry evaluating ALP and osteocalcin expression was conducted. Polymer fleece seeded with PDPCs were implanted into rabbit calvarial defects. While the technique did not result in complete regeneration of the defect, the histological evaluation showed that this model demonstrated potential for PDPC use in critical size defects repairs [83] . The cells were differentiated prior to implantation, and demonstrated limited osteogenesis following implantation.
Due to the proliferative nature of the stem cells as well as the ability of PDPCs to express endogenous growth factors such as BMP-2, progenitor cells may have potential for implantation in a critical size defect [65, 66] . With endogenous BMP-2 production, there is potential for enhanced osteogenesis by co-culturing PDPCs with BMSCs [84] . A β-tricalcium phosphate (β-TCP) scaffold, seeded with both BMSCs and PDPCs, demonstrated enhanced ectopic bone growth and neovascularization in a nude mouse model.
Arnold and coworkers combined cells with PGL, but incorporated β-TCP. This procedure resulted in a Bbiocompatible^scaffold with osteoconductive and osteogenic properties. Using clinically available scaffolds from Ethicon, scaffolds were surface coated with thrombin and β-TCP was added. PDPCs were seeded on the surface and treated with osteogenic medium consisting of 10 mmol/l β-glycerophosphate, 10 −7 mol/l dexamethasone, and 240 KIU/ml aprotinin for periods of 10, 20, 30, and 40 days. Half of the constructs also received TGF-β1 to increase osteogenesis. Assays were performed for deoxyribonucleic acid (DNA), osteocalcin, collagen, and ALP. Histological techniques were also performed. The constructs treated with TGF-β1 had significantly more DNA, ALP, collagen, and osteocalcin than the constructs incubated in the absence of growth factors [85] . While investigating the cell-matrix interaction, the osteogenic potential of a fibrin, α-tricalcium phosphate, and PDPC bead composite was evaluated. The beads were created by combining PDPCs with alginate, TCP, and fibrinogen. The solution was then dropped into a calcium chloride solution to produce beads. The alginate was then removed using a sodium citrate solution. Cell proliferation and differentiation were determined by cell count and detection of ALP activity and osteocalcin content. Cellular proliferation and osteogenic markers were elevated in beads incorporating TCP as compared with those that did not contain TCP [86] . A 3D bead culture system was previously established as a means to facilitate an injectable tissue-engineered construct and potentially reduce surgical complications as well as surgical cost [87] . However, the TCP study did not address in vivo reconstruction and the bead synthesis procedure outlined by this study is complicated and expensive [86] .
In addition to fabrication of scaffold materials, Eyckmans and coworkers evaluated the use of commercially available bone graft substitutes. Following isolation of PDPCs from the tibia of rabbits, cells were expanded and frozen. Prior to implantation, cells were thawed and seeded onto two different commercially available scaffolds: Vitoss™ (65 % hydroxyapatite, 35 % tricalcium phosphate and type I collagen) and Collagraft™ (β-TCP and collagen). Approximately 20 million PDPCs were seeded onto each scaffold and each composite was placed into a titanium cup. The entire implant was then surgically placed into the skull of rabbits. After 12 weeks, the animals were euthanized and all implants revealed new bone formation. However, there was no significant difference between experimental and control groups, the latter containing scaffold material without cells. Specifically, the amount of orthotopic bone growth was not statistically significant [88] . In this study, the biomaterial composition had a marked impact on the type and amount of bone growth.
While the majority of research has incorporated a mineral component to regenerate bone tissue, Springer and coworkers performed in vivo sinus augmentation procedures in human patients to evaluate periosteum on a collagen matrix as compared with osteoblasts on demineralized bone matrix. All cells were harvested and cultured in vitro for a 1-week period before implantation. Bone matrix without cells was used as a control. Constructs that incorporated periosteal cells showed enough de novo bone density at 6 months to warrant dental implant placement; whereas, patients with other treatments required 8 months before dental implants could be placed [70] . While the study failed to compare different cells on the same biomaterial, the study indicates the potential for periosteal cells to repair a critical size defect in an expedited fashion as compared with osteoblasts.
Mechanical factors, in addition to biomaterial and media, can influence differentiation of PDPCs. While evaluating periosteum bone graft interaction, the following factors influence bone formation: mechanical loading, graft proximity to periosteum, and presence of a graft [89] . Other studies have shown that stretch of 1.5 % applied to PDPCs causes an upregulation of TGF-β, which is an inducer of chondrogenic lineage [88, 90] . In the past, bioreactors have been used to apply reproducible cyclic loads to osteoprogenitor cells [88, 91, 92] .
Biomaterials
Ceramics Ceramic materials, such as β-tricalcium phosphate (β-TCP), and hydroxyapatite (HA), are commonly used as bone graft substitutes due to high levels of biocompatibility, high compressive strength, and visualization using X-ray imaging. The ceramics are similar to that of the bone apatite found in bone, they allow cellular attachment and do not produce a large immune response [32, 93, 94] . In addition, ceramics are degradable by the body and can be remodeled during regeneration at different timeframes. These grafts can be manufactured into a variety of shapes and sizes, including injectable pastes, granules, strips, and disks [94, 95] . The manufacturing allows the pore size to be controlled, which is a significant factor in the resorption rate of the graft material [96] . For use as a bone graft, ceramics have demonstrated the ability to stimulate the process of bone regeneration within a critical size defect. A concern with ceramic bone grafts such as hydroxyapatite is the risk of possible infection, which is higher when the hydroxyapatite is in contact with the frontal sinus [97] .
Commonly used for orthopedic surgeries, β-TCP grafts have been investigated for use as tissue engineering scaffold materials. TCP granules and strips have been evaluated for use in combination with numerous progenitor cell types such as mesenchymal stem cells, periosteal-derived progenitor cells, and adipose-derived stem cells [85, 98, 99] . The incorporation of a mineralized bone graft has been shown to promote cellular attachment, proliferation, the expression of osteogenic markers such as osteocalcin, type I collagen, and alkaline phosphatase [85, 86] . Used in vivo, the combination of BMSCs and β-TCP has been highly successful in sinus augmentation procedures, allowing the majority of patients to have dental implants placed [48, 100] .
While ceramics such as hydroxyapatite and β-TCP have demonstrated success as osteoconductive materials, tissueengineered constructs typically require prolonged growth and maturation prior to implantation. This process can increase the cost of the procedure and heavily relies on the ability of the patient's cells to infiltrate and vascularize the implant. One method of overcoming these limitations is to grow ectopic bone, and later transplant it to the defect site [43, 99, 101] . However, this approach increases the number of surgeries the patient must experience and increases the amount of time until the defect can be restored.
Natural Polymers Materials derived from biologic sources such as collagen, chitosan, and fibrin are commonly used in tissue engineering due to their ability to promote cellular attachment with minimal inflammation. Collagen has been used in craniofacial applications as membranes and bone graft fillers. For dental membrane applications, collagen grafts allow soft tissue infiltration, while maintaining the ability to be remodeled and resorbed [48] . For bone graft applications, biodegradable collagen sponges have been used in a variety of applications, including cranioplasty mandibular defect repairs and sinus augmentations. In sinus augmentations, collagen matrices combined with PDPCs regenerated sufficient bone for dental implantation after a period of 6 months [70] . Herford and Boyne showed similar results when applying a collagen matrix soaked in recombinant human bone morphogenetic protein-2 (rhBMP-2) to mandibular defects [102] .
Chitosan is derived from the chitin found in the shells of crustaceans. Chitosan is a target for use as a tissue engineering scaffold in craniofacial applications due to its ability to be formed into microspheres, used as an injectable, or as a carrier agent for cells or growth factors [47, 103] . MSCs incorporated within microparticles have shown to be viable beyond 14 days [104] . Furthermore, the incorporation of calcium phosphates has been demonstrated to promote osteogenic differentiation and new bone growth. Osteoblasts are capable of migrating through chitosan pores and infiltrating composite materials [105] .
Fibrin provides an interesting option as a tissue engineering scaffold. Fibrin is naturally occurring within the human body, can be remodeled easily, and can be polymerized in vitro. Similar to chitosan, fibrin can be used as a carrier agent to promote cellular viability and allow the incorporation of growth factors or ceramic compounds [86] . While fibrin itself does not promote osteogenic differentiation, fibrin scaffolds have been shown to increase cellular proliferation when used as cell carriers [40] . The incorporation of ceramic microparticles has been shown to promote osteogenic differentiation [86, 106] .
Synthetic Polymers Polymeric scaffolds allow a great amount of variation and control during processing. Shapes ranging from lysosome nanoparticles to solid plates have been created and used in craniofacial applications [107, 108] . Typically, polylactide and polyglycolide are the most widely used polymers due to their mild inflammatory response, complete biodegradability, and Food and Drug Administrative approval for a variety of applications. However, polymeric biomaterials typically do not promote high levels of cellular attachment without either surface modification or the incorporation of a secondary material such as β-TCP, when compared with extracellular matrix based materials [109] . In vitro tissue engineering has shown poly-L-lactide-co-glycolide to be capable of allowing mineralization and osteogenic differentiation, as detected through histological and molecular characterization [85, 110, 111] . In vivo craniofacial applications of this approach have been varied, showing bone regeneration but demonstrated delayed healing in some cases [45, 83, 112] .
Growth Factors
Frequently, tissue regeneration approaches incorporate exogenous growth factors such as basic fibroblast growth factor (bFGF), platelet derived growth factor (PDGF), and rhBMP-2 to enhance the bone regeneration constructs. Basic fibroblast growth factor and PDGF play roles as angiogenic, osteogenic, and mitogenic growth factors. The incorporation of growth factors into a tissue-engineered construct under specific experimental conditions has been shown to enhance vascularization, promote proliferation of the stem cells, and lead to an increase in in vitro osteogenic marker expression [47, 71, 77] . Similarly, the addition of bFGF increases the vascularization of newly formed ectopic bone [113] .
In normal fracture healing, BMP-2 plays a significant role in the formation of mature osteoblasts and mineralized tissue [114] . The presence of rhBMP-2 has been shown to significantly enhance osteogenic differentiation and therefore has been widely used in a variety of tissue-engineered constructs [62] . However, a significant hurdle impeding the use of rhBMP-2 in tissue-engineered constructs is the cost. In lumbar fusions, the cost of rhBMP-2 can reach into the thousands per treatment [115] . In attempts to overcome this limitation, progenitor cells have been genetically modified, with success, to overexpress BMP-2 [43, 51] .
Recently, the incorporation of platelet-rich plasma (PRP) has been investigated as an alternative to recombinant growth factors or genetic engineering. PRP is isolated by separating the platelets from the patient's own blood; it contains high levels of a variety of growth factors, including PDGF, TGFβ-1, IGF-1, and VEGF [76, 78] . When combined with BMSCs, PRP has been shown to increased de novo bone formation in both sinus augmentation procedures as well as treatment of periodontal defects [75, 100] .
Discussion and Conclusion
In the field of maxillofacial reconstruction, clinical treatments have room for significant improvement. Clinical treatments fail to restore optimal functional outcomes to patients who have undergone treatment for oral cancer, which leads to a decrease in physical and mental well-being. From the literature, it is clear that each treatment has beneficial qualities, but the treatments require optimization to produce a treatment that primarily restores functional outcomes, while simultaneously reducing the recovery time and the number of surgical procedures.
Throughout treatment, the functional outcomes of the patient are compromised. Of particular importance, mastication, swallowing, breathing, speaking, and ability to perform recreational and occupational activities are significantly diminished following oral cancer treatment [5, 16, 17, 21, 23, 116] . Beyond the physical effects, these functional limitations often leave patients, who have already fought cancer, depressed and feeling helpless. In order to truly treat a patient, one must address more than the physical factors, i.e., one must also address the mental and emotional aspects of the disease. Continuing research in the field of maxillofacial reconstruction must aim to provide patients with restoration of functional outcomes and aesthetics in order to provide the patients with the highest possible quality of life.
Ideally, maxillofacial reconstruction involves complete regeneration of the host tissue to restore complete functional outcomes and aesthetics. While regenerative engineering provides the most potential to provide an ideal maxillofacial reconstruction, there are significant hurdles to overcome. First, tissue-engineered constructs require harvest and isolation of autologous cells, which requires additional surgical sites. Furthermore, the majority of research presented within this literature review involves in vitro characterization and cell expansion, which is laborious and expensive [44] . In an economic downturn, reconstructive approaches such as this may become prohibitively expensive. One solution is the possible isolation of localized tissue such as periosteum that can be removed with minimal complication at the time of the cancer treatment.
In order to optimize tissue-engineered constructs for maxillofacial reconstruction, procedures must be individually refined based on the type of biomaterial, cell type used, and the patient. Unfortunately, prolonged in vitro cell expansion and processing is prohibitively expensive and therefore other options must be evaluated. Maxillofacial reconstruction should begin to center about immediate transplantation of cells rather than prolonged in vitro cell culture, which reduces cost and reconstruction time. Due to the relatively new interest in this field of research, the literature currently does not reach consensus regarding biomaterials that would be applicable to the clinic [83] . In some cases, the mineral component of bone is required for bone tissue regeneration; whereas, other cases demonstrate de novo bone growth without bone mineral contained within the scaffold [70] . Therefore, biomaterial selection and characterization is critical to the success of maxillofacial reconstruction. Additionally, cell seeding efficiency, cell type, and incorporation of growth factors are variables that can be altered to expedite tissue regeneration [101, 116] . The number of cells required to facilitate de novo bone formation has ranged widely in the literature, with one study indicating that more than 50, 000 human PDPCs/mm 3 are required before the creation of new bone tissue [64] .
Ultimately, the most important aspect of maxillofacial reconstruction must be the complete restoration of functionality so that patients can speak to their loved ones, return to a full diet, and breathe easily while simultaneously minimizing psychological decline. Unfortunately, none of the clinical treatments reliably restore this functionality. Therefore, a tissue-engineered construct capitalizing on the regeneration of the defect with healthy tissue warrants significant investigation due to its ability to provide restoration of lost tissue. Through optimization of the processing and scaffold material, the potential exists for expedited bone regeneration, minimized recovery time and medical costs. Overall, there is significant need for increased research in the area of regenerative engineering for maxillofacial reconstruction.
Specific areas of maxillofacial regenerative engineering need improvement. One area includes the development of a tissue-engineered maxillofacial construct that restores functional outcomes, while minimizing multiple surgeries and prolonged in vitro cellular expansion. Methodology to reproducibly create in vitro bone tissue must be created through optimization of culture media and growth factor incorporation. Potential progenitor cell source(s) require careful selection and characterization. The potential interaction between progenitor cells and native cells must be carefully analyzed. Scaffold materials must be selected and cell-material interaction must be evaluated. Finally, an adequate bench-top culture model [117] must be determined in order to recreate the necessary microenvironmental features of the oral cancer defect.
